







































































63% that of formaldehyde. However, since ethanol was the alcohol to be used for the tests, it was
expected that most of the aldehyde present in the exhaust would be acetaldehyde. The calibration

in h + 43 nf aldahvuds Than
allowed the transmissivity of the sample to be converted to a concentration of aldehyde. Then,

knowing the amount of sample, the sampling fraction from the tunnel, and the tunnel flow rate,
the total mass of aldehyde emitted by the engine during the test could be determined. This was
expressed as a brake specific value by dividing by the total work of the cycle.

ENGINE TEST SETUP
The engine that was used in this study was a John Deere four-cylinder, four-stroke model
4276T turbocharged diesel engine. The basic engine specifications are presented in Table 2. The
engine is connected to a General Electric DC dynamometer. A control program is run on a
Digital Equipment PRO-380 computer which sends speed commands to the dynamometer
controller and torque commands to a linear actuator attached to the fuel governor lever. The
control program is described in more detail below.

The volume flow rate of air into the engine was measured using a Meriam Laminar flow
element in conjunction with a Baratron pressure transducer to measure the pressure drop across
it. The flow rate of diesel fuel was measured using a stopwatch and a Toledo electronic scale.

Table 2. Specifications for John Deere 4276T Engine

Bore 106.5 mm
Displacement 4525.2 cm
Compression Ratio 16.8

Maximum Power 57.1 kW at 2100 rpm
Peak Torque 305.0 Nm at 1300 rpm
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Dry bulb and wet bulb thermocouples were located at the inlet to the laminar flow element
attached to the intake of the engine. Also, thermocouples were used to measure the engine oil
and coolani temperatures. A thermocouple located at the fuel pump was used to measure the
temperature of the fuel being supplied to the engine. Lastly, a thermocouple was located about
four inches downstream of the turbocharger to measure the exhaust temperature. The barometric

pressure was measured with a Datametrics Barocel pressure sensor.

Hydrocarbon measurements were made using a Beckman Model 402 Heated Flame Ionization
Detector type hydrocarbon analyzer which includes a 3.5-meter long electrically heated sample line.
A Beckman Model 955 chemiluminescent nitrogen oxides analyzer was used to measure the
nitrogen oxides emissions. Beckman Model 864 non-dispersive infrared radiation analyzers were
used to measure carbon dioxide and carbon monoxide.

A Digital Equipment ADM data acquisition module and a Digital Equipment PRO-380
computer were used to acquire the output of the four analyzers as well as the laminar flow
element’s pressure transducer. The voltage inputs were converted to units of ppm for the HC,
NO, and CO and percent for the CO, and displayed on the screen at the sample rate of 0.5 Hz
for the steady-state tests and 1.6 Hz for the transient tests. These readings were also stored on
the computer’s hard disk for later use.

For the collection of particulates, 110 mm Pallflex T60A20 filters were used. The filters were
weighed using a Christian Becker Model EA-1AP mechanical microbalance. The sensitivity of the
balance was 0.0001 grams. A plexiglass desiccator was used for drying the filters before weighing.
The desiccator measures 35 cm x 94 cm x 71 cm and is subdivided into two chambers each with
their own door and each housing about 5 Ibs of Drierite desiccant. A Scientific Glass Instruments
four-inch, glass filter holder was used in the particulate sample train.

COMPUTERIZED DYNAMOMETER CONTROLLER

The transient engine test described by the EPA’s Federal Transient Test Cycle consists of a
precise series of engine speeds and loads at which the engine must be operated according to a
time schedule [1]. The cycle contains periods of rapid acceleration and deceleration, idling, and
steady cruising. The cycle is intended to allow simulation of the actual conditions that an engine
will encounter in a vehicle. During the 20 minute test, under both cold and hot cycle operation,
the engine/dynamometer pair should be able to follow reference torque and speed trajectories
within the specified tolerances.
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Figure 5 shows a schematic of the apparatus associated with the dynamometer controller.
Independent speed and torque controllers were used. The John Deere 4276T engine was coupled
to a General Electric TLC-2544 DC electric dynamometer. Speed control was provided by a
General Electric Siltron Dynamometer Controller. A Digital Equipment Corporation (DEC)
PRO-380 computer with a data acquisition module was used to supply reference speed and torque
trajectories and to accomplish the closed loop torque control. A step-motor driven Jasta Inc.
PULSE POWER PP-125 linear actuator was used to regulate the throttle position. Dynamometer
and actuator specifications are given in Table 3.

Table 3. Dynamometer and Actuator Specifications

Dynamometer (GE TLC-2544):

Excitation voltage 2500 V
Maximum current 4100 A
Maximum absorbed power 111.8 kW
Maximum delivered power 89.5 kW
Actuator:
Maximum thrust 281N
Maximum linear velocity 38.1 cm/sec
Stroke 7.6 cm

A simplified model was developed for the throttle-torque system. In order to minimize its
complexity, only the dominant phenomena were modeled. The system was first modeled in the
continuous time domain and transformed to the Laplace domain. Parameters of the linearized
model were found by off-line parameter identification techniques. Discrete-time domain equations
were obtained using the Z-transform. Smith’s method was employed and parameters of the
controller were obtained by a closed loop pole assignment technique [6]. The development of the
dynamometer controller has been documented in Reference 7.

The procedures used to operate the equipment described above will be discussed in the next
chapter.
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CHAPTER 3. EXPERIMENTAL PROCEDURE

In this study, both steady-state and transient tests of the dilution tunnel were conducted to
investigate the repeatability of the measurement technique. The procedures used to conduct these
tests are described in this chapter.

STEADY STATE TEST PROCEDURES
The steady-state tests were twenty minutes in length. This length was chosen so that the
particulate filters could accumulate a sample of at least 10 mg. The measurement error of the
microbalance used to weigh the filters was 0.3 mg. Thus, for a sample of at least this size, the
error in each weighing is no greater than 3%. The gaseous emissions were also sampled for
twenty minutes since it was desired to measure all of the emission species for the same period of
time.

The procedure followed to conduct the steady-state tests in this study started with placing the
particulate filters to be used into the desiccator. The purpose of the desiccator was to remove
most of the moisture from the filters so the mass of the filter material alone could be determined.
After 48 hours, the filters were removed from the desiccator and weighted with the Christian
Becker microbalance. The approximate length of time between removing a filter from the
desiccator and obtaining a reading of the microbalance was 45 seconds. It was assumed that in
that amount of time, a negligible amount of moisture would be reabsorbed from the atmosphere.

The relative humidity in the room containing the microbalance was consistently between 53% and
56%.

Once the tare weights of the filters were determined, the engine tests could be conducted.
Before starting the engine, the gaseous emission analyzers were calibrated, a particulate filter was
placed in the filter holder shown in Figure 4, and the data acquisition program was started.
Regarding instrument calibration, the instruments were calibrated just prior to the tests, and the
calibration was checked at the end of the nine-hour schedule. An all subsequent days, the
instrument calibration was checked every three hours and recalibrations were done as necessary.

When the engine was started, the speed and load were immediately set at 1400 rpm and 50%
rated load. The flow rate of the engine’s intake air was viewed on the screen of the data
acquisition computer and used to set the dilution air orifice pressure needed for a dilution ratio
of 10.
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Five minutes after the engine was started, the first measurement began. The data acquisition
system automatically recorded the emission analyzer readings and engine inlet-air flow rate. The
particulate sampling system was started by opening the sample line valve shown in Figure 4 and
then immediately starting the sample pump. The electronic counter shown in the same figure
displayed the sample flow rate. During the test, the sample pump bypass valve was adjusted as
necessary to maintain the flow rate within 3% of 7 cfm.

At the beginning of the test the weight of the diesel fuel supply tank was recorded.. Within
five minutes after the beginning of the test, the ambient, wet bulb, fuel, oil and exhaust
temperatures were recorded as well as the atmospheric pressure. At the end of the test, the
particulate sample pump was turned off, the sample-line valve was immediately closed, and the
weight of the diesel fuel supply tank was recorded. Ten minute intervals were allowed between
each test to facilitate calibration checks, desiccant replacements and particulate filter changes.
When the test schedule called for a speed or load change, the change was made in the middle of
the ten minute interval such that the next test began five minutes after the change.

After the last test was finished, the particulate filters were replaced into the desiccator for 48
hours. At the end of that period, they were removed and weighed. The difference in the final
weight and the tare weight was considered to be the mass of the particulate sample. These data
were then combined with the sample flow rate and total tunnel flow rates to determine the total
mass of particulates emitted by the engine during the twenty minute test. At all times the filters
were handled using steel forceps.

The HC and NO, data for each two-second data-acquisition sampling interval were combined
with the total tunnel flow rate for the same interval and totaled over the twenty minute period to
determine the total mass of each emission emitted during the test. The change in calibration of
the analyzers was recorded prior to each calibration of the analyzers and after the completion of
all of the tests each day. This information was then used to correct the data for errors due to
calibration drift. To do so, a linear change was assumed between the initial and final calibrations.
A typical calibration drift was 2% of the span-gas concentration.

While the particulate, HC and NO, data are reported as the total masses emitted by the
engine during the twenty-minute test, the CO, results were normalized to brake specific CO,
(BSCO,) values by dividing by the total engine work of the test. Brake specific fuel consumption
(BSFC) values were calculated from the change in the fuel supply tank weight and the total engine
work of the test. Finally, the average equivalence ratio of each test was calculated from the fuel
consumption and average inlet-air flow rate.
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TRANSIENT TEST PROCEDURES

For the transient tests, the procedure specified in the Code of Federal Regulations (CFR)
[1] was followed as closely as possible. The procedure specified for the Federal Test Procedure
(FTP) transient test is to cold-soak the engine by shutting it off for a minimum of 12 hours or
until the oil temperature reaches 75 F. In this study, the cold-soak periods were at least 21 hours
in length resulting in an oil temperature of 84 F. Then the engine is started and immediately
controlled according to the twenty-minute FTP schedule of speeds and loads. However, in this
work, due to the nature of the control program, an extra minute of idle (1200 rpm, 0% load)
condition occurred between the starting of the engine and the beginning of the transient control.
Another one minute of idle operation occurred at the end of the test.

Then, as specified in the CFR, the engine remained off for twenty minutes. Following this
period, known as the "hot-soak," the engine was restarted for the hot-start test, and following the
one minute idle period, controlled according to the same schedule of speeds and loads. Once
the schedule was completed and the extra idle period finished, the engine was shut off and the
FTP test was complete. However, several hot-start tests were run consecutively thereafter.
Between each of the tests a twenty minute hot-soak period was scheduled.

The sample valve was opened at the same time as the engine was started for each test, and
the sample pump was turned on immediately thereafter. The sample flow rate was maintained
within 3% of 7 cfm for the whole test via the sample pump by-pass valve. The pump was turned
off at the completion of the transient schedule, before the one-minute idle period, and the sample
line valve closed. The particulate filters were dried and weighed in the same manner as described
above for the steady-state tests.

The total mass of the particulate emitted by the engine during each test was determined from
the sample mass, the average sample flow rate and the average total dilution tunnel flow rate.
The total masses were then normalized to brake specific particulate values by dividing by the total
engine work of the test.

The gaseous emission analyzers were calibrated prior to the cold-start test and before each
hot start test. A correction was applied to the gaseous emission data by using the average of the
initial and final calibrations for each test. The gaseous emissions data were recorded from the
beginning of the transient test schedule to the end, not including the two extra one-minute idle
periods.
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taken into account. The delay time for each analyzer was determined by introducing a calibration
gas at the sample probe and measuring the length of time required for the analyzer to reach 90%
of its final reading. Then, assuming a typical exhaust flow rate and corresponding tunnel flow rate
the length of time required for the exhaust to travel from the engine exit, through the exhaust
pipe, and down the tunnel to the sample probes was calculated and added to the sample

line/instrument delay.

The total amount of each of the gaseous species for a given test was determined by
multiplying the concentration data provided by the emission analyzers by the total tunnel flow rate
for each data acquisition-sampling interval, taking into account the delay times. The results were
then normalized to brake-specific values by dividing by the total engine work of the test.
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CHAPTER 4. DISCUSSION OF RESULTS

This chapter provides a discussion of the effect of alcohol fumigation on diesel exhaust
emissions. Initially, some results of steady state testing will be presented that provide information
about the amount of alcohol required to reduce emissions at steady state and the effect of
changing the formulation of the injected alcohol. Then the strategy used for injecting the alcohol
during transient cycles and the current status of the transient testing will be discussed. As
mentioned above, the primary focus of this study was to investigate transient cycle behavior so
most of the steady state data presented was obtained during an earlier study on this engine.

However, it does answer the central questions of operating cost and alcohol formulation.

EFFECT OF PERCENT TORQUE REPLACEMENT

Figures 6 and 7 show the effect on the gasecous emissions of varying the fraction of the
engine’s torque that is replaced by alcohol fumigation. The fraction of the brake torque provided
by the ethanol is varied from 10% to 30%. The two figures show the emissions at 100% and 50%
of full load at 2100 rpm. The unburned hydrocarbon (HC) and carbon monoxide (CO) emissions
were essentially independent of proof except for a slight increase at the lowest proofs. The oxides
of nitrogen (NO,) emission increased consistently as the proof was increased. The HC and CO
increased substantially above their diesel-only values and NO, decreased substantially below its
diesel value as the torque replacement was increased from 10% to 30%. For the range of torque
replacements studied here, there was no evidence of a decrease in the impact of the fumigation
on the emissions from the engine. It would appear that increasing the fraction of the fuel
provided by the ethanol would simply continue to increase the HC and CO emissions and decrease
the NO, emission. Since the main objective of this study was to investigate the use of alcohol
fumigation as an emission control technique, the rapid rise in HC and CO emissions was
considered to be undesirable and would probably disqualify the use of higher torque replacements.

Based on Figures 6 and 7, the optimum proof for the injected alcohol is about 80 proof.

Proof levels higher than this do not give as much reduction in NO, emissions but the HC and
CO emissions rise rapidly at proof levels lower than 80 proof.
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FIGURE 7.
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COMPARISON OF ETHANOL AND METHANOL

Figures 8 and 9 show a comparison of the gaseous emissions from ethanol and methanol for

two selected operating conditions. Figure 8 shows results from tests

20% torque replacement, and Figure 9 shows results at 2100 rpm, at full load and 30% torque

at 1500 rpm, at full load and

replacement. The comparisons are made using the equivalent amount of methanol in water that
matches a certain proof of ethanol, both in terms of lower heating value and enthalpy of
vaporization. When compared on this basis, there is very little discernable difference between the
emissions from the two alcohols. The differences are within the range of uncertainty of the data.
These measurements were taken by alternating between the two alcohols for each successive proof.
The differences between the two fuels were so small that comparisons could not be made between
data taken on separate days since the day-to-day variations were larger than the differences
between the fuels.

EFFECT ON SMOKE EMISSIONS

Figure 10 shows the smoke emissions from the engine measured in Bosch Smoke Units. The
figure shows the effect of varying the torque replacement at full load for 1500 and 2100 rpm.
The 1500 rpm smoke levels were higher and although the change was on the same order as the
variation from one proof level to the next, the smoke appeared to decrease with increasing torque
replacement. The smoke readings corresponding to the 30% torque replacement were equal to
or less than the values for the 10% and 20% torque replacements. The smoke levels at 2100 rpm
were considerably less than at 1500 rpm. The turbocharger boost pressure level was considerably
higher at the higher speed and the fuel-to-air ratio was lower. The smoke emission at this speed
was very close to the detection limit of the instrument and it was not possible to determine
whether the ethanol fumigation decreased the smoke emissions.

Although smoke measurements were taken at each steady state operating condition, the smoke
levels were always so low that it was not possible to draw general conclusions about how the
smoke levels were affected by the ethanol fumigation.

TRANSIENT CYCLE TESTING

STATUS

Development of the alcohol injection system and the aldehyde measurement system required
more time than was anticipated. For this reason, testing of the fumigation system under transient
conditions was not able to proceed to an optimum strategy. However, some results are available
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FIGURE 8.
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A FIGURE 9.
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and they do allow some general conclusions to be drawn. In order to understand the different
conditions used for the tests, it is first necessary to explain the strategy used to inject the alcohol.

As mentioned above, a fumigation system was obtained from Midwest Power Concepts for use
in this study. This system uses the pneumatic pressure provided for actuating the diesel injection
pump rack in buses to control the amount of alcohol injected. This pressure is regulated by the
position of the accelerator pedal of the bus driver. Since we did not have a pneumatic throttle
actuator on our engine, a simple voltage-to-pneumatic convertor was installed to allow our control
computer to issue a voltage command to the convertor and have the appropriate pressure signal
sent to the alcohol injector. In order to determine what pressure to send to the injector, the
computer used the following rule:

P = K1 [K2(rpm) + K3(torque) + K4(d(rpm)/dt) + KS5(d(torque)/dt) + K6(rpm x torque)]

It can be seen that K2, K3, K4, K5, and K6 are weighting factors on the speed, the torque,
the speed derivative, the torque derivative and the power. These quantities have previously been
normalized so only the relative magnitudes of the weighting factors are important. K1 is an
overall multiplier that determines the total pressure (or total amount of alcohol). By changing the
values of K1 through K6, it is possible to change the strategy of how the alcohol is injected.

This rule allows a high degree of flexibility in setting a control strategy for injecting alcohol.
If X3, K4, K5 and K6 were set equal to zero and K2 set equal to 1.0, then alcohol will be injected
proportional to the engine speed. The maximum amount of alcohol injected is determined by
selecting an appropriate value of K1. It was anticipated that the most promising strategy for
controlling particulate emissions would be to inject alcohol proportional to the engine torque and
the derivative of the torque. The torque was chosen because it is under conditions of high torque
that the in-cylinder fuel to air ratio is highest and this tends to produce the highest smoke level.
Rapid increases in the torque, producing large values of the torque derivative, can also produce
momentarily high values of the in-cylinder fuel to air ratio due to turbocharger lag. Engine power
(K6) was also expected to be an important parameter since it includes a speed effect that will
demand more alcohol when the number of engine cycles per second increases.

Table 4 shows a summary of the transient test results to date. The first series of tests,
identified as the 100 series under the test number column, shows the variation in emissions as the
total amount of alcohol was increased. The alcohol quantity was varied by changing K1 while the
weighting factors were held constant with K5, the torque derivative factor weighted twice as high
as the power factor. All other weighting factors were set equal to zero. At K1=0.2 and K1=0.4
the pressure developed by the alcohol injector was below the boost pressure of the engine so little
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or no alcohol was injected. As K1 was raised above 0.6, the ratio of alcohol to diesel increased

to 1.12% and finally as high as 21.57% for K1=1.0. This is a mass ratio that includes the mass
r\F water "“Anfnﬂ unth the alenhnl The Rralke Snecific N('\ {‘RQNH\ or the amount of Nﬂ

wWalll i VYALIL &livw CUINAULRUL. 1iiv LJlanv Jplaaiiv i \APaN R ekaww QRErIVJweREL VL AN

emitted divided by the total work done during the cycle, decreased from 37.0 g/bkW-hr to 32.3
which was 12.7%.

The particulates, although somewhat irregular, apparently decreased from 2.15 g/bkW-hr to
1.54 g/bkW-hr which was 28.3%. The particulate measurements have considerable uncertainty and
a high priority for future work will be to resolve this problem. A considerable increase in
unburned hydrocarbons (HC) and aldehydes is also apparent. The HC emissions show a definite
increase but the level of emissions may be off since the level is considerably lower than later
measurements. Carbon monoxide measurements are also difficult to interpret since there is no
definite trend. The problems with the CO and HC measurements are most likely due to the
extremely low levels of these species in the dilution tunnel. The lowest range on our CO analyzer
is 1000 ppm but the level of CO in the tunnel is 10-30 ppm. Similarly, the level of HC in the
tunnel is 5-20 ppmC6 and this is low enough that background levels of HC in the air supplied by
the Centac compressor become significant. Since the NO,, particulates and aldehyde measurements
are considered to be the most reliable, they will be the focus of discussion from now on.

The 200 series of tests show the effect of switching the weighting of the torque derivative
and power so that the power is now weighted twice as much as the torque derivative. A reduction
in the BSNO, from 34.9 g/bkW-hr to 29.7 was observed. No reduction and possibly a slight
increase was observed in particulate. Aldehyde levels increased from 0.76 g/bkW-hr to 1.06.

The effect of timing advance was investigated with the 300 series of tests. In this series of
tests the pressure signal sent to the alcohol injector was advanced slightly relative to the speed
and torque demands sent to the engine. This simulates the effect of an anticipatory control system
that could anticipate the speed and load changes before they occur. This might be implemented
in practice using a time delay between the operators accelerator pedal and the engine’s rack
control. Timing advances of 0.4 seconds, 1.0 seconds and 1.4 seconds were tested at two alcohol
flow rates. There did not seem to be any effect on NO, emissions and a small, if any, effect on
particulates. Aldehydes also did not seem to be affected by the timing advance.

The 400 series of tests was performed to investigate using the engine torque and the torque
derivative as the controlling parameters for the injector. Figure 11 shows the variation in the NO,
level in the dilution tunnel during the 20 minutes of the transient cycle for runs 401 and 402.
These tests are for diesel fuel-only, without alcohol and for alcohol injection with equal weighting
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TABLE 4. CALCULATED TEST RESULTS

Test # Ki K2 K3 K4K5 K6 dell Add/Dsl BSCO BSNO BSHC  Part Alde

() (%) | g/bhp-br |

101 0200 0 ¢ 0 2 1 00 023 7.19 37.00 103 2.15 0.38

103 0400 0 0 0 2 1 00 038 620 3610 093 231 0.58

104 0600 0 ¢ 0 2 1 00 112 611 37.00 1.08 2.36 0.61

106 0700 0 0 0 2 1 0.0 383 665 3540 134 213 0.68

105 0800 0 0 0 2 1 00 944 788 3440 174 197 0.78

107 0900 0 0 0 2 1 0.0 17.89 10.63 3290 277 211 0.92

102 1000 0 0 0 2 1 0.0 2157 6.84 3230 311 1.54 0.97

203 0400 0 0 0 1 2 00 030 1097 3490 7.82 211 0.76

204 0500 0 0 0 1 2 00 100 962 3360 7.99 2.09 0.72

205 0550 06 0 0 1 2 00 385 941 3330 828 212 0.88

201 0600 0 0 0 1 2 0.0 11.10 1106 3220 883 230 0.87

202 0700 0 0 0 1 2 0.0 2510 1114 29.70 9.68 2.20 1.06

, 301 0000 0 0 0 O 0 0.0 000 947 3590 617 244 0.56

4 302 0700 0 0 0 2 1 04 191 465 36.00 638 2.20 0.72

303 0800 0 0 0 2 1 04 485 6.69 3530 6.65 225 0.77

304 080 ¢ 0 0 2 1 1.0 489 515 36.00 722 2.30 0.82

305 080 0 0 0 2 1 14 470 582 3440 710 222 0.87

306 090 0 0 o0 2 1 04 691 504 3460 7.40 222 0.95

307 090 06 0 o0 2 1 1.6 1738 396 3570 756 2.24 0.92

308 090 0 0 o0 2 1 14 797 379 3540 750 216 0.95

401 00600 0 0 O O 0 00 000 1207 37.00 781 2.35 0.74

407 0650 0 1 0 1 0 00 810 1198 3440 833 2.31 1.02

403 0700 0 1 0 1 0 0.0 12.00 9.54 3390 876 2.29 0.94

402 0800 ¢ 1 0 1 0 0.0 2140 8.86 3200 954 223 1.09

404 0700 0 1 o0 2 0 00 310 1112 3580 781 2.25 0.87

408 0800 0 1 o0 2 0 0.0 650 12.02 3500 824 227 0.97

405 0900 0 1 0 2 0 0.0 1230 11.07 3400 896 229 1.03

406 0600 0 2 0 1 0 00 860 11.05 3410 829 231 0.95

410 0625 0 2 0 1 0 0.0 10.70 1498 3390 849 2.01 1.01

409 0700 0 2 0 1 0 00 2170 16.55 31.50 936 234 122

v 501 0000 0 0 O O 0 0.0 000 6.75 3630 818 262 0.67

' 502 0950 0 0 0 1 0 00 670 19.08 36.10 9.36 2.39 0.96

503 06600 0 1 0 O 0 00 790 1425 3250 848 214 0.93

. 504 0600 06 0 O0 O 1 0.0 740 1468 34.00 828 2.30 0.89

. 505 6000 06 0 0 O 0 0.0 000 1227 359 7.70 2.21 0.83
B4 set maximum torque down by 10%

506 0000 0 0 © O 0 00 000 691 3520 6.60 1.99 0.72

k! 507 10060 0 0 0 1 0 00 700 536 3460 801 2.06 0.91

‘1 508 0600 0 1 0 O 0 00 380 405 3460 757 1.95 0.82

509 0650 0 1 © 0 0 00 940 3.07 3410 810 211 0.99

510 065 0 0 0 O 1 00 880 341 3340 794 2.04 0.95

511 0000 0 0 0 O 0 00 0.00 1.74 3510 1735 1.99 0.83

e 512 0650 0 0 0 O 1 04 880 244 3390 811 2.06 0.96

) 513 0650 0 0 o0 O 1 1.0 7.70 111 3470 818 2.05 0.92

t 514 0650 0 0 0 O 1 14 7.60 131 3490 834 213 0.85

B 515 0000 0 ¢ 0 O 0 00 0.00 071 3650 790 2.05 0.76
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on the torque and the torque derivative. The large variations in the NO, emissions of the engine
at different times in the cycle are readily apparent. Figure 12 shows the same data as Figure 11
but with the time scale expanded to more easily show the differences between the two tests. Run
number 402, with alcohol, shows a noticeable reduction in NO, during the period of sustained
power occurring between 620 seconds and 670 seconds. The cumulative total for the cycle was a

reduction from 37.0 g/bkW-hr to 32.0.

Figure 13 shows the instantaneous hydrocarbon emissions for the same tests as Figures 11
and 12. The dotted line corresponding to the case with alcohol injection is consistently higher
than for the diesel-only case. The points where alcohol is injected are clearly indicated as spikes
in the hydrocarbon emission. Figure 14 shows the same data on an expanded time scale. The
alcohol injected du;ing the sustained high power region between 620 and 670 seconds referred to
above gives a high hydrocarbon emission during a period that would otherwise be quite low. It is
clear that the reduction in NO, emissions is obtained at the cost of a rise in HC emissions.

The particulate emissions did not seem to be affected by the changes in alcohol flow rate
for the 400 series of tests. As expected, aldehyde emissions increased as the alcohol flow
increased.

The first portion of the 500 series of tests was performed to investigate the effect of
weighting single terms in the pressure equations. Test number 502 used KS, the torque derivative
term to control alcohol injection, test number 503 used the speed derivative and test number 504
used the power. The best reduction in NO, and particulate was obtained when the alcohol
injection was proportional to the torque.

The second portion of 500 series tests involved a change to the diesel engine. Although
the alcohol injector has the potential to inject alcohol equal to that required to produce 30-40%
of the total engine torque, since the diesel engine can provide power very quickly, it may not be
utilizing the alcohol to meet load increases. To address this question, we adjusted the torque
screw on the engine’s injection pump to reduce by 10% the maximum torque of the engine. After
doing so, the engine was still able to meet the torque specifications of the EPA transient test cycle
although it was relying on the energy in the alcohol to do so.

At the reduced torque condition there is a definite reduction in particulate emissions.
Even for relatively small amounts of alcohol, there is a reduction in particulate on the order of
10%. NO, emissions are reduced also compared to the higher torque case although the further
reduction due to the alcohol injection is not so apparent.
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CHAPTER 5. CONCLUSION

One of the objectives of this project was to provide students with exposure to probiems
and technology in the transportation area. We were very successful in this regard. Four graduate
students, Bennett Murray, Taner Tuken, Qiging Jiang and Pradheepram Ottikkutti, worked on
different aspects of this project. Three undergraduates also involved were Eric Hensley, William
Carr and Darren Herum.

The optimum formulation for the alcohol additive that is injected into the engine appears
to be about 80 proof ethanol. Higher proofs than this do not give as much reduction in NO,
emissions and lower proofs give increases in CO and HC emissions. There does not appear to be
any difference between methanol and ethanol in their emissions reduction potential although a
higher concentration of methanol would be required to give the same effect as 80 proof ethanol.
The choice of alcohol should be made based on the cost of the alcohol. '

The cost of operating an engine with alcohol fumigation depends on the amount of
emission reduction desired. The steady state data indicated that the engine could be operated with
up to 30% of its torque supplied by the fumigated alcohol. However, to accomplish this would
require very large flow rates of the alcohol-water mixture since the 80 proof mixture is only about
33% ethanol and ethanol has only about 65% of the energy content of diesel fuel. The transient
tests, although not conclusive, indicate that if the alcohol is injected only on demand, then the
amount of alcohol required to achieve significant reductions in emissions may be much smaller.
Typically, the mass of the alcohol-water mixture consumed during the transient test is about 5-20%
of the diesel mass and this is only about 33% ethanol. Thus, it may be possible to reduce
emissions using an amount of ethanol equal to 2-6% of the diesel fuel consumed. Reductions of
12.7% in oxides of nitrogen emission and 28.3% in particulates have been observed under transient
conditions.

There is a definite increase in the amount of aldehydes produced by the engine when
operated on alcohol. Although we did not determine which aldehyde species were present, since
the alcohol used was ethanol, we expect that the principal aldehyde was acetaldehyde. The
aldehyde was observed to increase by as much as 2.5 times its diesel-only value. However, since
the aldehyde emissions from diesel engines have not generally been considered to be a problem,
this increase does not necessarily mean that higher aldehyde emissions would preclude alcohol
fumigation.
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